Abstract During the last interglacial insolation maximum (Eemian, MIS 5e) the tropical and subtropical African hydrological cycle was enhanced during boreal summer months. The climate anomalies are examined with a General Circulation Model (ECHAM4) that is equipped with a module for the direct simulation of 18 O and deuterium (H 2 18 O and HDO, respectively) in all components of the hydrological cycle. A mechanism is proposed to explain the physical processes that lead to the modelled anomalies. Differential surface heating due to anomalies in orbital insolation forcing induce a zonal flow which results in enhanced moisture advection and precipitation. Increased cloud cover reduces incoming short wave radiation and induces a cooling between 10°N and 20°N. The isotopic composition of rainfall at these latitudes is therefore significantly altered. Increased amount of precipitation and stronger advection of moisture from the Atlantic result in isotopically more depleted rainfall in the Eemian East African subtropics compared to pre-industrial climate. The East-West gradient of the isotopic rainfall composition reverses in the Eemian simulation towards depleted values in the east, compared to more depleted western African rainfall in the pre-industrial simulation. The modelled re-distribution of d
Introduction
Changes in the African hydrological cycle, in particular the rain belt position and intensity, are crucial for the local population, since the northern boundary of the rain belt position determines the northernmost edge of the inhabitable area. Studying the evolution of the rain belt and the associated physical processes in the past may allow us to better understand climate projections for this region. The previous interglacial maximum (Eemian, MIS 5e) is in this respect a valuable period, since climatic conditions were similar to the present day. The number of terrestrial proxy archives of Eemian climate is small compared to the amount of data available from the Holocene. However, climate archives point at the following: During the Eemian, the annual mean global temperatures were not significantly higher than today (Jansen et al. 2007 ). However, there were large regional as well as seasonal anomalies (e.g. Jouzel et al. 1987; Lohmann and Lorenz 2007) . During Northern Hemisphere (NH) summers the rain belt advanced northwards, increasing the area on the African continent that was influenced by the summer monsoon.
Previous studies examine the effects of these meridional shifts of the Intertropical Convergence Zone (ITCZ) and associated seasonal rainfall variations. It is generally accepted that the rain belt itself has never reached North Africa (Tzedakis 2007) . The influence only reached the Mediterranean via river discharge from the Nile. East Mediterranean sapropels are used as recorder of terrestrial African climate archives (Rossignol-Strick 1983; Rohling et al. 2002) . These layers of anoxic organic-rich material in sediments are the result of heavy discharge of the Nile river during times of maximum summer monsoon index (Rossignol-Strick 1983; van der Meer et al. 2007 ). The impact of the rain belt (or ITCZ) on sapropel formation during the summer months depends on how far the precipitation area advanced northward. This has been analysed by comparing differences between East Mediterranean sediment cores that were influenced by the vast Nile river catchment area and those only recording information from the region directly adjacent to the Mediterranean (Rohling et al. 2002) . Similar effects are observed for the Indian monsoon in the Eemian (Fleitmann et al. 2003) and in the mid-Holocene period (Fleitmann et al. 2007) . In these studies, speleothems from the sensitive region of southern Oman recorded meridional shifts of the convergence zone and associated changes in precipitation source and amount.
The purpose of this study is to explain the substantial changes in the African tropical and subtropical hydrological cycle, which are evident from observed Mediterranean sediments and speleothems from regions that are sensitive to changes in the tropical rain belt. We examine an orbitally forced climatic anomaly that may have similar effects as observed in the sapropel sections of Eemian Mediterranean sediments. This poses the question whether there exists a mechanism that explains the direct and indirect effects of the orbital insolation forcing. Most importantly, we will show that the modelled isotopic composition of rainfall is in accordance with observed evidence from Mediterranean sediments and stalagmites from Southern Oman.
Modelling of interglacial climates became more realistic with the use of coupled ocean atmosphere general circulation models (OAGCMs). These studies indicate increased amounts of boreal summer precipitation in northern subtropical Africa in climatic conditions with increased NH insolation and increased insolation seasonality (Montoya et al. 2000; Felis et al. 2004; Schurgers et al. 2007 ). Under these orbital forcing anomalies, the temperature difference between the North Atlantic and the African continent increases, moisture transport and precipitation towards subtropical North Africa is enhanced (e.g., Kutzbach and Liu 1997) . Therefore, North African vegetation differed from the present-day distribution. The Eemian and midHolocene climates allowed plant growth in areas which today are part of the Sahara desert. The influence of a different interglacial vegetation on the large-scale circulation has been widely discussed (e.g., Kutzbach and Liu 1997; Doherty et al. 2000; Braconnot et al. 2007 ). The Eemian is also characterised by a reduction of the Greenland Ice Sheet (GIS). During the Eemian, a reduction of the GIS may have contributed to sea-level rise of up to 3 meters (Otto-Bliesner et al. 2006) , which is 50% of the sea-level rise after total melting of the ice sheet. Lhomme et al. (2005) estimate the Greenland contribution to sea-level rise to be 3.5-4 m.
We use the results of a coupled ocean-atmosphere-seaice general circulation model, plus a module for the direct simulation of heavy isotopic water in the hydrological cycle to examine the effect of Eemian orbital forcing on the isotopic rainfall composition on the African continent. The stable isotopes 18 O and deuterium (D) record changes in the hydrological cycle. At higher latitudes, anomalies in the isotopic composition of precipitation mainly reflect changes in the surface temperature at the precipitation site. In the tropics, changes in the amount of precipitation are responsible for its isotopic composition (e.g. Jouzel et al. 2000) . Additionally, nonlocal effects, such as global ice volume or temperature at the moisture source have an impact on isotopic records of any given site. The relationships between d
18 O and temperature or precipitation amount vary with forcing as a consequence of changes in seasonality and transport pathways (Schmidt et al. 2007 ). Felis et al. (2004) already examined that temperatures are not only directly linked to changes in external forcing, but also to the changes in the large-scale atmospheric circulation, which responds to change in forcing. The coral data in Felis et al. (2004) indicate an enhanced seasonality in the middle East and a tendency towards positive North Atlantic Oscillation during the Eemian.
Indirect evidence for changes in the hydrological cycle can be found in the isotopic composition of Eastern Mediterranean sediments from sapropel S5 (Rohling et al. 2004) . Depleted d
18 O values from this period indicate an increased African monsoon activity, recorded via Nile river discharge into the Mediterranean. The spatial distribution of d
18 O and dD in our simulations indicates that changes in zonal moisture transport rather than a meridional shift in the ITCZ alter the hydrological cycle and trigger the observed northward extension of the rainfall area.
In Sect. 2 we introduce the setup of boundary conditions and the modelling technique. In Sect. 3 we present the relevant results concerning the thermodynamical anomalies in the hydrological and the isotopic response of meteoric water. In Sect. 4 we discuss our findings and present a mechanism to explain the modelled anomalies. Conclusions and a brief overview over the limitations of our study and possible future work are given in Sect. 5.
Methods
The atmospheric general circulation model (AGCM) ECHAM was adapted for climate research by the Max Planck Institute for Meteorology in Hamburg from the weather forecasting model of the European Centre for Medium-Range Weather Forecasts (ECMWF). The fourthgeneration member of the ECHAM family, ECHAM4, is equipped with a module for the direct simulation of the stable isotopes 18 O and deuterium in all components of the atmospheric water cycle (Werner et al. 2001 
where q is the density of air, C v the drag coefficient depending on the stability of the atmospheric boundary layer, |v h | the horizontal wind speed, x vap the water isotope mixing ratio in the first model layer, and x sat = a(T surf ) -1 b R oc q sat , with a the temperature-dependent equilibrium fractionation factor, b an enrichment factor for the oceanic surface due to evaporation, R oc the oceanic mass relation corresponding to R SMOW , and q sat is the saturation mixing ratio. Non-equilibrium effects (kinetic diffusion from the thin sub-layer above the ocean surface to the atmosphere) are taken into account with the factor 1 -k (see Merlivat and Jouzel 1979) . Dividing E x by the evaporative flux of H 2
16 O E ¼ qC v jv h jðq vap À q sat Þ results in the isotopic composition of the evaporative flux
with dx oc = b(R oc /R SMOW ) -1, the relative humidity h, and the atmospheric delta-value dx vap .
Condensation to liquid or ice phase is treated as an equilibrium process (R l,i = aR vap ).
A kinetic process becomes important at low temperatures, namely the diffusion of isotopes through the oversaturated zone around forming ice crystals. This is considered in the model with an effective fractionation coefficient
with a kin = S/(a eq R D (S-1) ? 1). R D is the ratio of the diffusivities of H 2 16 O and the isotopic water, and S = 1 ? 0.003T (T in°C) the oversaturation function (see Hoffmann et al. 1998) .
Re-evaporation of raindrops in the undersaturated air below cloud base occurs in an equilibrium and non-equilibrium process: the kinetic fractionation is formulated similar to Eq. 2, using undersaturation described by h eff , the mean relative humidity of the air below cloud base in the grid box. The fraction of droplets that reach isotopic equilibrium depends on the droplet size. Since there is no droplet size spectrum in ECHAM, we assume that 45% of convective precipitation and 95% of large-scale precipitation equilibrate.
The spatial resolution of the simulations in the present study is T42 (2.8°horizontal spacing) with 19 vertical levels and the highest pressure level at 10 hPa. Two simulations representing the periods of pre-industrial climate and Eemian climate (124 ka BP), respectively, have been carried out. In the following, experiment names represent the respective period (PI = pre-industrial, EEM = 124 ka BP). The integration time is 70 model years, with the first 10 years neglected and 60 years used for averaging the results. This is found to be sufficient to ensure statistical significance of the modelled anomalies.
Boundary and initial conditions are used as follows: Insolation is calculated with orbital parameters according to Berger (1978) . Boreal summer tropical and northern subtropical insolation is increased, while tropical winter solar radiation is weaker in the Eemian compared to preindustrial time. The insolation anomalies led to increased NH seasonality, while the Southern Hemisphere seasonality decreased in the Eemian (Felis et al. 2004; Lohmann and Lorenz 2007) . Climatologies of monthly sea surface temperatures as bottom-boundary conditions have been taken from previous simulations with the coupled oceanatmosphere model setup ECHO-G Lohmann and Lorenz 2007) , the atmospheric part of which is ECHAM4, and the ocean is modelled with the ocean GCM HOPE (Legutke and Voss 1999) . The isotope initial data have been set up in an ECHAM4 initial run, in which the atmosphere is started with a d
18 O value of À80& and reaches an equilibrium state, which is used for the following case studies.
Greenhouse gases and vegetation are kept at pre-industrial levels. To take into account the Eemian climatic anomalies, we performed two sensitivity studies to test the robustness of the phenomena we found in the EEM simulation. One simulation includes extended vegetated Sahara areas. The surface vegetation parameters on the African continent are increased by a factor of X mean /X at the grid points between 10°N and 25°N, where X mean is the mean parameter of the grid points between 10°W and 40°E at the latitude 10°N. In the second sensitivity simulation, the height of the GIS is reduced by a factor of 0.5. In the following, these two sensitivity studies are named EEM VEG and EEM GIS , respectively. Figure 1a , b show the differences of air temperature and horizontal wind vectors between EEM and PI. In the following we will use the term anomaly as deviation of the EEM simulation results from the PI simulation. The 850 hPa level (Fig. 1a) lies in the lower troposphere and is partly influenced by surface features. Below 850 hPa, the flow and its anomalies are influenced by the topography, such as the Ethiopian Highlands south of the Red Sea. A belt of lower air temperature stretches from the African continent between 10°N and 20°N over the southern Red Sea and the Arabian Sea towards northern India. The air temperature is reduced by 3 K in the Eemian relative to pre-industrial climate. North of this belt, there is widespread warming over northern Africa, Europe, Arabia and Central Asia with the highest anomalies at 4 K. The air temperature directly south of the belt is almost unchanged. As we will see later, this cooling is related to enhanced cloud cover and increased evaporative cooling.
Results

Climate variables
In the upper troposphere (Fig. 1b) , the warming extends southward over the entire African continent. The cool belt is therefore limited to the lower and middle troposphere. The tropopause and stratosphere were colder in EEM as compared to PI (not shown), due to tropospheric warming in the last interglacial.
The difference between EEM and PI is characterised by a pressure anomaly, with a lower-tropospheric low pressure anomaly in areas where the warming affects the whole troposphere. Figure 2a shows the anomaly of the geopotential height. A pronounced feature is the meridional gradient in the pressure anomaly at the location of the low temperature belt (see Fig. 1a ). The larger pressure gradient causes a stronger eastward zonal flow according to geostrophy dynamics. In contrast to the mid-latitudinal thermal wind relation, we observe in the latitudinal band between 10°N and 20°N that the largest wind anomalies do not occur at the largest temperature gradients. Instead, the pressure distribution rather suggests that the belt of cool air is a consequence of the larger difference in surface temperature between Sahara/Sahel and tropical Africa.
In the upper troposphere (Fig. 2b ) the pressure anomaly is reversed, since the large-scale warming in EEM extends throughout the troposphere with higher geopotential height of the corresponding pressure levels (i.e., higher pressure at a given height). Consequently, the wind anomaly is also reversed, and the westward zonal flow is stronger in the a b Eemian than in the pre-industrial simulation. At this height, the pressure anomaly resembles the temperature anomaly (Fig. 1b) . The EEM simulation shows increased precipitation amounts on the African continent between 10°N and 20°N, in the whole Red Sea region, northern Arabian Sea, and northern India (Fig. 3a, b) . Absolute values of the flow pattern (not shown) reveal that not only the strength of the zonal flow changed between EEM and PI, but also the direction. In PI, the flow reveals hardly any zonal component, whereas in the Eemian the zonal wind component is present throughout the continent between 10°N and 20°N.
There is also a difference in meridional extent of the main low-level convergence zone of only 2°in Central Africa. Figure 4 shows the seasonally averaged vertical velocity over Africa. The mid-tropospheric convection zone (500 hPa, Fig. 4a ) is displaced northward in EEM compared to PI. The maximum updraft area is narrower, and the maximum value of the mean vertical velocity is about 10% larger, reflecting a more intense convective activity due to the converging zonal flow in the EEM simulation. The anomalies in convection intensity extend throughout the troposphere. At 300 hPa (Fig. 4b ) the relative anomaly even increases while absolute differences between EEM and PI are declining at this height. Figure 5a shows the decrease of surface solar radiation along with an increase of total cloud cover in the region. There is no uniform response of evaporation rates during the Eemian (Fig. 5b) . Two regimes of evaporation anomalies can be identified. The northern part of the rain belt shows increased evaporation rates of up to 50 mm/month a b Dashed areas indicate significant anomalies at 90% level over the Red Sea region, whereas the southern part of the rain belt shows negative evaporation anomalies. Figure 6a , b show a north-south cross-section of tropospheric anomalies at 10°E up to a pressure level of 300 hPa. The main zonal transport of moisture (Fig. 6a) is located between 10°N and 20°N, and below the 500 hPa level, indicated by positive anomalies in zonal wind and specific humidity. South of about 5°N, there is even a negative moisture anomaly, which corresponds to red shades (less rain and less specific water content) in Fig. 3b . Figure 6b shows the corresponding temperature anomalies and the anomalies of the geopotential height of the pressure levels. North of about 20°N the vertical gradient of the pressure anomaly leads to the modelled wind anomalies (see Figs. 1 , 2, respectively). The cool belt between 10°N and 20°N is limited to the lower troposphere below 800 hPa.
Isotopes
The differences between EEM and PI in the wind and precipitation patterns are also reflected in the isotopic composition of modelled atmospheric water. Figure 7 shows anomalies in the isotopic signature of the total precipitation. The magnitude of the deuterium signal is larger than the 18 O-signal. However, the panels of both simulated isotopes correspond qualitatively very well, as the same physical processes lead to the modelled isotopic composition. The differences between Eemian and presentday simulations are large in boreal summer and are not pronounced during the winter months and are therefore not shown. For the boreal summer, both deuterium and 18 O show an increase on the West African continent, and a decrease in the East African subtropics and the Red Sea region in the Eemian climate. This corresponds to a reversal of the gradients of the absolute isotopic values (Fig. 8) . In the PI simulation (Fig. 8a) , western African precipitation is isotopically lighter than eastern African precipitation. This corresponds to the measured presentday isotope distribution as recorded in the GNIP climatology (Rozanski et al. 1993) . In EEM (Fig. 8b) , there is a much stronger gradient from slightly negative values in the west towards strongly depleted rainfall in the east. Figure 9 shows that the pronounced summer anomalies leave an imprint in the annually averaged signal. Here, we a b show the precipitation signal (Fig. 9a) together with the resulting isotopic composition of rainfall (Fig. 9b) . Over Africa, about 50% of the summer signals are retained in the annual average.
Sensitivity on vegetation cover and GIS
Figures 10 and 11 show the effect of the changes made in EEM VEG and EEM GIS , respectively. The vegetation changes result in an enhanced zonal wind component and a broadening of the cool belt, compared to EEM (Fig. 10a, b) with a positive precipitation anomaly north of 10°N and a negative anomaly south of 10°N (Fig. 10b) . The effect of the changed GIS is negligible on the African continent (Fig. 11a, b) . The decreased GIS produces a large temperature anomaly of up to 12 K over Greenland compared to PI, and 7 K compared to EEM (not shown). However, this anomaly does not reach subtropical and tropical a b Figure 12a , b show the wind and temperature anomalies of both sensitivity simulations compared to the PI simulation.
Discussion
Climate variables
In the Eemian, the temporal and spatial distribution of incoming solar radiation was different from pre-industrial insolation distribution. Due to a maximum in precession and a minimum in obliquity, the northern hemisphere insolation was increased during boreal summer months (JJA) (Berger 1978) , while tropical insolation was decreased during boreal winter (DJF). Therefore, NH seasonality was increased, while SH seasonality was decreased. Eemian NH summer months (JJA) received more radiation than in the pre-industrial period, while in NH winter there was almost no change. The modelled annual mean near-surface temperature anomaly in this study is less than 0.5 K, which is consistent with the summarised modelling estimates from IPCC AR4 (Jansen et al. 2007 ). In the following, we focus on boreal summer (JJA) climate. The excess in NH summer insolation leads to an increased surface temperature on the entire subtropical African continent north of 20°N. Tropical Africa between 10°N and 10°S is not affected by a temperature change. This is due to the fact that vegetation and cloud cover prevent large temperature deviations. Additionally, the insolation anomaly in the tropics is lower than at middle and high latitudes. The summarized effect is a a b differential heating with warming in the north and almost unchanged surface temperature in the south. The corresponding air pressure distribution (low pressure anomaly in the north, no difference in the south) allows for a pressure gradient zone between 10°N and 20°N. In this belt, the increased insolation does not lead to surface warming. Instead, the pressure distribution forces a zonal flow, which is maintained over a long range from the Atlantic to the Red Sea. This flow carries moisture from the Atlantic over the continent, making it available for convection. Consequently, increased cloud cover (10-20% over most of the cool belt area) caused by enhanced moisture availability prevents the excess shortwave radiation from reaching the surface. Mean surface radiation amounts decrease by up to 50 Wm -2 . Cooling is also caused by conversion of sensible heat into latent heat. In the northern part of the cool belt, evaporation is enhanced. Around 10°N, however, evaporation is decreased in spite of increased precipitation. This opposed behaviour results from higher precipitation and evaporation values in the PI climate. Increased cloud cover in EEM effectively reduces evaporation, since in PI tropical evaporation rates already are very high. Increased precipitation in EEM therefore does not enhance evaporation rates in the southern part of the cool belt. The ITCZ can be described as the tropical region where due to lower tropospheric convergence heat is transported from the surface to the upper troposphere by means of large cumulonimbus clouds (e.g. Holton 1992 ). The description of the ITCZ as a line or belt is therefore only valid in a time-averaged sense. Our simulations capture the mean a b effect due to the given spatial resolution of the GCM. Figure 4 shows the seasonally averaged convective zone in EEM and PI, respectively. The ITCZ position does only change over West Africa. In central and eastern Africa, the meridional position is almost unchanged. Only the strength of the convection is increased in EEM. Also, the area that is influenced by increased vertical velocity extends further to the north. The difference in the meridional position of the rain belt is of secondary importance compared to the enhancement of the forced zonal moisture transport, which triggers the increased summer precipitation over Central Africa, the southern Red Sea region, the Arabian Peninsula and Mesopotamia/Pakistan/Northern India. A marked meridional displacement of the convergence zone is only visible in the Indian Ocean (Fig. 3) , where the band of maximum rainfall is shifted from 5°S (EEM) to 5°N (PI). On the African continent, there is no significant latitudinal difference in the position of the rain belt. We observe that the flow anomaly is not directed from high pressure over the Atlantic ocean towards north African low pressure, but mostly parallel to the north-south pressure gradient on the continent itself.
The features and anomalies discussed in the present paper also appear in the mid-Holocene simulations of the PMIP2/MOTIF Data Archive (Braconnot et al. 2007 , not shown). The mid-Holocene might be comparable to the Eemian in terms of the annual distribution of orbital forcing anomalies. Therefore, our results appear to be a robust feature in interglacial African climate. a b 
Isotopes
The spatial anomaly of the isotopic rainfall composition, which has a dipole pattern (enrichment in the west, depletion in the east) is a mixed signal of several effects: the slight increase of the delta-values over the West African region can be attributed to a shorter time interval from the source (evaporation from the Atlantic) to the destination. This leads to fewer precipitation events and therefore to less isotopic depletion of the water vapour, that is advected over the continent. Subsequent rain-out of the air masses due to enhanced transport of moisture from the Atlantic leads to eastward isotopic depletion, as the air is advected further across the African continent. Another cause for isotopic depletion is the so-called amount effect, described by Dansgaard (1964) . However, the magnitude of depletion and the west-east gradient suggest that rain-out of the advected air masses (continental effect) is dominant. This is also supported by the fact that the area of significant change in convective precipitation (not shown) is very small compared to the area of significant large-scale precipitation anomaly.
Over the Arabian Peninsula, the negative temperature anomaly belt extends in north-east direction towards the Himalayas. The warm temperature anomaly to the northwest initiates a stronger north-eastern flow in the same manner as on the African continent. Here, the isotopic signature of precipitation also shows a depletion in EEM, which can be partly attributed to the amount effect (isotopic depletion due to increased rainfall within the rainbelt), since the moisture source is not only the tropical Atlantic but to a large part the nearby Gulf of Aden and the Arabian Sea, respectively. The extension of the modelled cool belt is supported by depleted dD values and increased precipitation from Oman stalagmite fluid inclusions (Fleitmann et al. 2003) . The course of the narrow area of a north-south gradient in the geopotential height (see Fig. 2a ) suggests that also the moisture from air masses that reach the Arabian Peninsula are influenced by the continental effect, and thus carry this information further towards northern India.
To a lesser extent, this mechanism also applies to the Congo basin region. Here, the lower troposphere warming occurs south of the resulting zonal flow over the Central Plateau. However, the spatial extent of the influenced region is not large enough to generate an isotopic signal comparable to the NH counterpart. Increased zonal moisture transport leads to enhanced precipitation in the Congo basin region, and thus to the modelled isotopic (dD, d
18 O) depletion of rainfall.
Sensitivity on vegetation and GIS
During the Eemian, large areas north of the present-day Sahel/Sahara boundary were covered by vegetation, which resulted in a reduction of the surface albedo and an increased moisture transport over the African continent. We estimated the effect of a changed vegetation distribution with the EEM VEG simulation. Figure 10a shows the resulting wind and temperature anomalies. The extended vegetated areas broaden the belt of the air temperature anomaly. The precipitation anomaly shows that a large fraction of the transported water is precipitating between 15°N and 25°N. A reduction of rainfall occurs south of the positive anomaly. However, the structure does not change significantly compared to the EEM simulation (Fig. 12a) . Similar results are presented by Schurgers et al. (2007) . They show that the West African precipitation anomaly extends further northward than the East African anomaly, whereas our results over Northeast Africa show that the precipitation anomaly covers large parts of the Red Sea region. However, the structure of the anomalies does not depend on the vegetation. The belt of lower air temperature between 10°N and 20°N appears in all simulations shown by Schurgers et al. (2007) . The effects of dynamic vegetation therefore appear to be of second order compared to the effect of changes in orbital forcing.
The effect of the decreased ice volume of the GIS on the African continent appears to be very small (Fig. 11) . In our sensitivity study, the largest anomaly between EEM and EEM GIS is located over Greenland itself (not shown). The resulting near-surface changes over Greenland match the modelled values shown by Otto-Bliesner et al. (2006) . The air temperature response extends over the Arctic and large parts of polar latitudes. However, the influence on the tropics and in particular the African tropics is relatively small. The flow anomaly, which is discussed in the present paper, is not changed significantly (see Fig. 11a ). The areas that are effected by the Eemian anomalies of wind, temperature, precipitation and cloud cover remain almost unchanged in position and extent.
Model-data comparison
The modelled isotopic compositions of precipitation resemble measured isotope values from various sources. The isotopically depleted water masses that are advected towards the large catchment area of the Nile river can be identified in Mediterranean sediment cores (Rohling et al. 2004) . In their study (Rohling et al. 2004) , show increased Eastern Mediterranean alkenone-based SST (?4 K) and depleted d
18 O values of planktic foraminiferal species (1-3&) during deposition of sapropel S5. Fleitmann et al. (2007) showed a change from wet to dry conditions in d
18 O of speleothem records from southern Oman during the Eemian. The observed shift of the isotopic composition of 2-3& matches our modelled anomaly in this region (3&). Reichart et al. (1997) show oxygen isotopic data from a sediment core from Murray Ridge north of the Arabian Basin. Their data suggests increased summer precipitation during MIS 5e. Wang et al. (2008) O time series, and the anomaly of 1-2& corresponds well to our findings (2&). Schefuß et al. (2005) reported depleted mid-Holocene dD (À150& around 6 ka BP, compared to À135& VSMOW at the top of the sediment core) in plant waxes from the Congo catchment region. They attribute the mid-Holocene depletion to an increased amount of precipitation. However, our simulation shows a slight enrichment in d
18 O (0.5-1&) and dD (5-10&), respectively, in the Congo basin region, which is consistent with enriched d
18 O over West Africa. We attribute this opposite trend to higher temperatures over the Congo basin, which result in a depletion in spite of the increased amount of precipitation. The Dome C ice core deuterium anomaly of about 20& (Augustin et al. 2004 ) is also observed in the EEM-PI anomaly. Andersen et al. (2004) and Suwa et al. (2006) report Greenland d
18 O anomalies of 2-3& which is more than our EEM-PI anomaly, but less than our modified EEM simulation that includes the reduction of the Greenland ice sheet during the Eemian. European proxy data sources include Kattegat d
18 O from shells (Burman and Passe 2008 ) that translate to summer SST which were 1-3 K higher in the Eemian than today. Our temperature anomaly is around 1 K for this region.
Conclusions
We compare the simulated pre-industrial African climate with Eemian climate, a period which is characterised by a boreal summer insolation maximum. The modelled climates show considerable differences in wind, temperature, and precipitation amount. The direct simulation of H 2 18 O and HDO allows the interpretation of the isotopic rainfall composition with respect to the climatic anomalies. The boreal summer season shows the largest anomalies, due to the external insolation forcing. The mechanism that is responsible for the modelled climatic anomalies and the isotopic precipitation response can be summarized as follows:
• During the Eemian maximum NH summer insolation the excess insolation leads to a warming of the NH subtropics. The meridional temperature gradient over NH Africa increases, and the resulting pressure gradient drives a zonal flow between 10°N and 20°N. The anomaly extends from about 40°W to 80°E. Additional cloud formation and rainfall between 10°N and 20°N due to increased convection cause a pronounced cooling in these latitudes. From our results we conclude that the climatic differences between EEM and PI are mainly caused by zonal moisture transport and thus affect the whole northern African continent. We also observe the meridional shift of the ITCZ as reported by previous studies (e.g. Kutzbach et al. 1996) , but this shift alone does not explain the anomalies in the modelled climate variables and water isotopes.
• The isotopic composition of precipitation reacts strongly on the rainfall redistribution: the west-east gradient of the isotopic rainfall composition reverses during periods of increased NH summer insolation. This is observed in several archives of terrestrial d
18
O. Our study reveals that the large zonal isotopic gradient is possible due to the forcing of the flow anomaly which is directed perpendicular to the large-scale pressure gradient. The forcing is persistent from the Atlantic to the Red Sea area, and therefore we observe a continuous depletion over the whole width of the continent. In the Indian monsoon vicinity, isotopic rainfall depletion occurs to a large part via the amount effect, since the source water is mixed with water masses that originate from sources close to the precipitation sites.
In this study, we present a mechanism that explains changes in African isotopic rainfall composition during interglacial insolation maxima. The model indicates that the North African anomalies are one of the largest signals on the globe. The zonal redistribution of water vapor may represent an eigenmode of palaeoclimate and possibly future climate changes. For further testing of our modelling, the analysis of terrestrial proxy archives from the East African continent (such as lake sediments) would be highly valuable. As a next step we propose isotope-enabled coupled ocean-atmosphere simulations, including fractionation processes in dynamic vegetation and sea-ice. Such an approach would allow a comparison with the whole range of proxy archives (terrestrial and marine) in an Earth system model, since isotopic signatures are modelled consistently in all components of the water cycle.
